This study explored the role of the proinflammatory chemokines macrophage inflammatory protein (MIP)-1a and macrophage chemoattractant protein (MCP)-1 for development of antileishmanial activity. There was substantial inhibition in nitrite generation in Leishmania donovani-infected macrophages. A marked elevation of nitrite generation and induction of inducible nitric oxide (NO) synthase (iNOS) mRNA was found in chemokine-primed parasite-infected macrophages. Tumor necrosis factor-a, which is the priming signal for NO production, was also up-regulated under similar experimental conditions. The priming with chemokine inhibited the multiplication of L. donovani amastigotes within the intramacrophageal milieu. The antileishmanial effect of chemokines was almost completely abrogated when the macrophages were preincubated with L-N-monomethyl arginine, the specific inhibitor of iNOS. The results of this investigation suggest that the CC chemokines MIP-1a and MCP-1 orchestrate an antileishmanial armamentarium via the induction of an NO-mediated regulatory mechanism to control the intracellular growth and multiplication of the Leishmania protozoan.
Chemokines are the critical mediators of leukocyte trafficking and activation and are crucial to cellular recruitment to facilitate the initiation and maintenance of inflammatory responses [1] [2] [3] [4] . Investigations have shown that the cellular activities of chemokines are much broader and encompass more than simple chemoattraction, including NK cell-mediated cytolysis [5] and T cell costimulation [3] . Chemokines are induced in the lungs of patients with Mycobacterium tuberculosis infection [6] . The CC chemokines macrophage inflammatory protein (MIP)-1a, MIP-1b, and RANTES suppress the replication of the macrophage-tropic human immunodeficiency virus strains [7] .
Chemokine involvement in leishmaniasis has been reported, although mostly in cutaneous leishmaniasis (CL) caused by Leishmania major. In cases of CL, rapid but transient expression of JE (the murine homologue of human macrophage chemoattracting and activating factor) and KC (the murine homologue of human growth-related oncogene) occur in bone marrowderived macrophages from BALB/c mice [8] . Self-healing localized CL in humans is associated with higher levels of macrophage chemoattractant protein (MCP)-1 expression [9] , and MCP-1 directly stimulates the elimination of intracellular L.
major parasites within human monocytes [10] . L. donovani infection in BALB/c mice initiates T cell-independent chemokine responses in liver that are subsequently amplified in a T cell-dependent manner [11] .
It is well established that during pathogenic invasion the host releases nitric oxide (NO), which acts as a potent cytotoxic/cytostatic effector molecule and inhibits the growth and function of a diverse array of infectious agents, including protozoan and helminthic parasites [12] . RANTES-, MIP-1a-, and MIP-1 b-activated human macrophages kill Trypanosoma cruzi via an NO-dependent mechanism [13, 14] , but the precise role of chemokines in the context of visceral leishmaniasis is yet to be addressed. In the present investigation, we explored the potential regulatory role of the CC chemokines MIP-1a and MCP-1 for the induction of NO in macrophages infected with L. donovani.
cell population was cultured for 48 h prior to any treatment, to achieve the resting state.
Nitrite assay. The generation of nitrite in the conditioned medium of macrophage culture was assayed by the Griess reaction [17] , using the NO Colorimetric Assay kit (Boehringer Mannheim). For each assay, macrophages were cultured in 24-well tissue culture plates (Falcon) at a concentration of 10 6 cells/mL. Northern blot analysis. RNA was isolated by standard protocol [18] [19] [20] from 3 £ 10 7 macrophages by use of Trizol reagent (Life Technologies). We electrophoresed the isolated total RNA (10 mg/lane) in a 1.2% agarose gel containing 0.66 M formaldehyde, which was transferred to a nitran nylon membrane by capillary action using 10£ standard saline citrate (SSC). The membrane was prehybridized for 6 h at 42 C and then incubated for 18 h at 42 C in the same solution with 32 P-labeled oligonucleotide probe labeled by T4 polynucleotide kinase. The membrane was washed 3 times at 55 C in 2£ SSC/0.1% SDS for 15 min. The sequence of the oligonucleotide probe of inducible NO synthase (iNOS) was 5 0 -GCAGCATCCCCTCTGATGGTGCCATCG-3 0 . The same blot was reprobed with 32 P-labeled b-actin cDNA, which is constitutively expressed in the cells.
Cytokine analyses by sandwich ELISA. The level of mouse tumor necrosis factor (TNF)-a in the conditioned medium of macrophage culture was measured by use of a mouse TNF-a ELISA kit (FactorTest-X; R&D Systems), in accordance with the manufacturer's instructions. The detection limit of this assay is 15.0 pg/mL.
Uptake and intracellular multiplication of L. donovani. Macrophages were cultured on coverslips (10 6 /mL) with recombinant mouse MIP-1a or MCP-1 (R&D Systems) for 1 h and then challenged with L. donovani promastigotes at a 1:10 macrophage-to-parasite ratio for 4 h, after which the unbound parasites were washed off. After a suitable incubation period, cells were fixed with chilled methanol and stained with Giemsa [21] . When indicated, the uptake and multiplication of L. donovani was studied in the presence and absence of 0.4 mM of the NO synthase inhibitor L-N-monomethyl arginine (L-NMMA; Sigma). After 4 h and 48 h of parasite challenge, 90%-92% and 85%-88% of the macrophages, respectively, were infected.
Statistical analysis. Results are expressed as mean^SD for individual sets of experiments. Each experiment was performed 3-5 times, and the results are representative of each set of experiments. The 1-or 2-tailed t test for significance was performed as applicable in each case. P , :05 was considered to be significant.
Results
Generation of nitrite by chemokine-primed infected macrophages. The levels of nitrite generation by the unstimulated control and infected macrophages were negligible. When normal uninfected macrophages were stimulated with MIP-1a or MCP-1, there was considerable induction of nitrite. Interferon (IFN)-g (10 U/mL) plus lipopolysaccharide (LPS; 500 ng/mL), known inducers of iNOS, induced 26^2:2 mM nitrite 48 h after treatment (P , :05, n ¼ 4), whereas MIP-1a (100 ng/mL) and MCP-1 (100 ng/mL) induced 14:5^0:5 mM (P , :05, n ¼ 4) and 11:5^0:8 mM (P , :05, n ¼ 4) nitrite, respectively. To follow the effect of chemokines on the infected macrophages, we primed the cells with individual chemokines for 1 h and then infected them with leishmanial parasites. At 24 h after parasitic infection, chemokine treatment did not have a discernible effect on the release of NO ( figure 1A) ; however, at 48 h and 72 h after parasitic challenge, CC chemokines markedly induced nitrite production by infected macrophages. The levels of induction of nitrite generation by MIP-1a and MCP-1 after 48 h (figure 1B) and 72 h (figure 1C) of infection were similar; however, MIP1a was more potent than MCP-1. Expression of iNOS mRNA. The previous observation encompassing the profile of nitrite generation by chemokine-primed parasite-infected macrophages prompted us to study the expression of iNOS mRNA to understand whether the regulation was at the level of transcription. We observed significant induction of iNOS mRNA by LPS (1 mg/mL), which was remarkably inhibited under parasitic stress (figure 2). Treatment of uninfected macrophages with MIP-1a and MCP-1 induced low iNOS expression. Of interest, when the CC chemokine-primed macrophages were further challenged with L. donovani promastigotes, there was substantial up-regulation of iNOS expression. Densitometric scanning revealed that, in response to MIP-a (figure 2, lane 5 ) and MCP-1 ( figure 2, lane 7 ) , the nitrite induction was 5.8-and 5.64-fold greater, respectively, than that by LPS in infected macrophages ( figure 2, lane 3 ) .
Release of TNF-a. TNF-a plays a potential role as a triggering signal for NO generation [22, 23] . To substantiate the interplay between nitrite generation and TNF-a secretion, we measured the endogenous release of TNF-a in response to the CC chemokines in normal and L. donovani-infected macrophages. Release of TNF-a by the parasite-infected macrophages was significantly inhibited by 48.47%, when compared with uninfected control macrophages (figure 3). Pretreatment with either MIP1a or MCP-1 recovered TNF-a expression in parasite-infected macrophages by 74.06% and 63.46%, respectively, compared with unprimed infected macrophages (figure 3).
Uptake and intracellular multiplication of L. donovani. We attempted to learn whether pretreatment with chemokines modulates the intracellular multiplication of L. donovani within the host. We observed that phagocytosis of leishmanial promastigotes was enhanced by 40.67% and 30.62% in the presence of MIP-1a and MCP-1, respectively (data not shown). At 24 h after infection, the parasite burden was enhanced in MIP-1a-and MCP-1-primed macrophages by 34.63% and 24.68%, respectively, compared with the unprimed cells ( figure 4A ). However, pretreatment with chemokines markedly inhibited the intracellular multiplication of L. donovani amastigotes after > 48 h of infection. At 48 h after infection, MIP-1a and MCP-1 reduced the parasite burden by 43.29% and 34.45%, respectively (figure 4B). Identical treatment for 72 h reduced the parasite load by 54.44% and 46.55%, respectively ( figure 4C ). This observation shows that the CC chemokines have significant ability to reduce the intracellular parasite burden, and the role of the NO generated could be significant in this outcome.
Abrogation of chemokine-induced leishmanicidal activity by L-NMMA. To ascertain whether chemokine-induced leishmanicidal activity was dependent on NO, we studied the parasite burden in the presence of L-NMMA, a well-known inhibitor of iNOS. Pretreatment with L-NMMA did not affect chemokinedriven enhancement of parasite phagocytosis (data not shown), but inhibition of NO generation with L-NMMA almost completely abrogated chemokine-induced amastigote killing after >48 h of parasitic challenge ( figure 4B and 4C) . Thus, the inhibition of NO generation in response to chemokines favors the survival of intracellular parasites. Release of mouse tumor necrosis factor (mTNF)-a by Leishmania donovani-infected macrophages in response to CC chemokines. Macrophages were cultured in a 96-well plate (10 6 cells/ mL) and treated with chemokines and L. donovani promastigotes as described in the figure 1 legend. mTNF-a level in the cell-culture supernatant was measured by sandwich ELISA (see Materials and Methods). Results are expressed as mean^SD of data from 4 replicate experiments. *P , :02, inhibition of mTNF-a release with respect to uninfected control macrophages; **P , :03, induction of mTNF-a release with respect to infected macrophages.
Discussion
Synthesis of NO by iNOS is indispensable to the effective host defense mounted against a growing spectrum of bacteria, protozoa, fungi, helminths, and viruses [22] [23] [24] . In this study, we demonstrated in vitro evidence for chemokine-mediated control of L. donovani amastigotes via NO-dependent killing.
We observed a substantial enhancement of nitrite generation in chemokine-primed parasite-infected macrophages (figure 1). In agreement with the above observation, the expression of iNOS mRNA was also induced markedly in the infected macrophages preincubated with the CC chemokines MIP-1a and MCP-1 (figure 2). It is well documented that the Th1-type proinflammatory cytokine TNF-a acts as the triggering signal for NO generation in IFN-g-primed macrophages infected with L. major [22] . To correlate the induction of NO in response to chemokines, we measured the level of TNF-a in the parasite-infected macrophages under similar experimental conditions and observed an increase in TNFa in chemokine-pretreated infected macrophages (figure 3). Hence, under chemokine treatment, the induction of NO generation was at par with the concomitant up-regulation of TNF-a release.
Ingestion of microbial invaders by macrophages, the "professional phagocytes" of the immune system, usually induces generation of reactive oxygen intermediates (e.g., O 2 2 ), which constitutes another essential part of the defense mechanism adopted by the host [25] . Previously we reported that infection of macrophages with L. donovani caused a marked impairment of O 2 2 release [26, 27] . However, we could not detect any significant recovery of O 2 2 production by the chemokine-primed cells under parasitic stress (data not shown). Thus, it appears that generation of superoxide anion does not form the primary mechanism by which chemokines can exert their protective role during leishmanial infestation.
It is well accepted that NO is a major regulatory molecule of the immune system and a principal cytotoxic mediator of effector cells. NO production leads to intracellular killing of T. cruzi [23, 28] . From our above-mentioned results (see figure 1 ), we were inspired to determine the immunobiologic efficacy of such an induction of NO in connection with the intracellular multiplication of the leishmanial parasite. We observed that MIP-1a exerted a more prominent role in the context of uptake of invasive L. donovani promastigotes than did MCP-1 (figure 4). To explore the possibility of the involvement of NO in this event, we preincubated chemokine-primed infected macrophages with L-NMMA, which resulted in abrogation of the leishmanicidal effect of chemokine treatment, indicating a positive role of NO in the process. Although seemingly distinct, the enhanced parasite uptake followed by intramacrophageal amastigote killing was found to be both complementary and mechanistically related.
We previously showed that infection with L. donovani selectively inhibits the activity and expression of Ca 2+ -dependent classic protein kinase C (PKC) [26] , which plays a role in NO induction [29, 30] . In another study of interest, Aliberti et al. [14] reported an increase in the expression of b-chemokines (MIP-1a, MCP-1, and RANTES) in macrophages infected with T. cruzi [14] , which was responsible for trypanocidal activity. Recently, we found that both MIP-1a and MCP-1 induced Ca 2+ -dependent PKC activity in the infected macrophages (S.B., unpublished data). It might be possible that the molecular basis of CC chemokine-dependent killing of intracellular parasites is initiated via activation of Ca 2+ -dependent PKC, which is mediated through NO.
From the findings in this study and in other reports [13, 14] , it is apparent that CC chemokines play a pivotal role in restricting the intracellular survival of L. donovani via the activation of NO mechanisms. To our knowledge, this is the first report that depicts the potent antileishmanial role of chemoattracting cytokines. We presume that the application of chemokine therapy may be effective in the treatment of the large number of immunocompromised and/or immunocompetent patients with visceral leishmaniasis.
